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I. INTRODUCTION
W ITH the rapid development in installed capacity of wind power and with the increasing size of each installation, the role and impact of wind power on power system operation is changing. In 2008 in USA alone 8.5 GW of new wind power based generation capacity was installed which accounts for over 40 % of the total capacity added in USA in 2008 [1] . In grid codes from some transmission system operators this development is already noted, given that large wind power plants (WPP) are termed power park modules and must comply with similar requirements to those for other generation units. In continuation of this, large WPPs are often equipped with a supervisory voltage and frequency controller, i.e. a controller on park level designed to coordinate the response of the individual units in the park. The effect and intention of such supervisory controllers on park level is that the combined responses of the wind turbines (WT), evaluated at the interface between the WPP and the power system, are comparable to other power plants. The ability of WPPs to deliver active power reserves are treated in a number of publications [2] - [5] , as well as voltage and reactive power control [6] , [7] . In some countries, for instance Denmark, T WPPs are already applied for ancillary services, e.g. frequency reserve.
Regarding power system stability investigations, considerable attention has been paid to low voltage fault-ride-through (FRT) capabilities of the WTs, i.e. the ability of the WTs to stay connected during external disturbances in the grid and provide necessary voltage support [7] - [9] . With increasing penetration of wind power and increasing size of each installed WPP new stability considerations arise. A topic of increasing importance is the effect of WPPs on power system small-signal stability, including influence on power system oscillations.
The damping of critical inter-area oscillations is affected by a number of factors such as network topography, generator excitation control, HVDC control, transmission line power flows, etc. [10] . Also, the presence of non-synchronous generation units reportedly can have an impact on the damping of interarea oscillations. In [11] - [13] comparisons are presented of the influence on power system oscillations of WPPs based on fixed-speed induction generators (FSIG) and doubly fed induction generators (DFIG). In the studies it is generally found that FSIG WTs increase the damping of the power oscillations. References [11] , [13] also report increased damping from the DFIG machine while [12] notes that the DFIG does not have any significant effect on the damping.
In [14] the influence is analyzed of the voltage/VAR control mode of DFIG based WPPs on inter-area oscillations. The study found that increasing the penetration of wind power generally had a favorable effect, with increased frequency and damping of the inter-area mode between a weak and a stronger system. With the WPP in voltage control mode [14] found that, for some parameter-set, an adverse interaction is noticed; it is, however, noted that these effects can be avoided with appropriate tuning of the voltage controller.
In [15] , [16] a generic small-signal stability model is developed for fixed-and variable-speed WTs with corresponding collector and utility grid where the units are connected. The approach is based on sensitivity analysis and singular value decomposition.
A few publications have investigated the possibility of using variable-speed WPPs actively to damp power system oscillations [17] - [20] . In a recent PhD thesis by Elkington it is concluded that DFIG based WPPs can provide a positive contribution to damping of power system oscillations by adding an auxiliary controller [21] .
In this paper the impact of full-load converter interfaced wind turbines on small-signal stability, e.g. participation in power system oscillations, is investigated. The system is analyzed for the WPP with and without WPP voltage con-troller. The analysis is based on a 7 generator network, which illustrates some aspects of the dynamic behavior of the UK power system, namely inter-area oscillations between major areas of the system. The paper is organized as follows. In section II the basis for the analysis is established with a description of modal analysis and power system oscillations. Section III presents the study case, the analyzed WT concept, and the base characteristics of the study case, while section IV presents the case studies performed and the results of the analysis. Finally, the discussion and conclusion are found in sections V and VI, respectively.
II. METHOD
Power system oscillations are inherent in interconnected power systems based on synchronous generators [22] . Power system oscillations and the application of eigenvalue analysis as means of analysis are well described in the literature, e.g. [10] , [23] . Another approach is to base the analysis on signal processing of measured data [24] - [26] . When analyzing very large systems this measurement based approach has the advantage that it is not dependent on the accuracy of a large dynamic model.
A. Eigenvalue Analysis
The analysis is based on the nonlinear set of system equations, dynamic relations as well as network equations, which are linearized in an operating point to obtain a linear system in the classical state space forṁ
where x n×1 is the state vector, u r×1 the input vector, y m×1 the output vector, A n×n is the system state matrix, B n×r the input matrix, C m×n the output matrix, and D m×r the feed forward matrix. To analyze the dynamic performance of the system in (1) it is often useful to perform a similarity transformation to diagonalize A, i.e. decouple the system dynamics.
where the eigenvalue, λ i , is found as the solution of
and where I n×n is the identity matrix and φ φ φ n×1 i the right eigenvector for the ith eigenvalue, also commonly referred to as the mode-shape for the ith mode. Similar to the formulation in (2), the left eigenvector is defined as
where ψ ψ ψ 1×n i is the left eigenvector for the ith eigenvalue. In compact notation for all n eigenvalues, the right and left eigenvector matrices are defined as
Further, for power system studies the eigenvector matrices are usually scaled to satisfy Ψ Ψ ΨΦ Φ Φ = I.
The right eigenvector, φ φ φ i , describes how the activity of the ith mode is distributed on the n state variables, while the left eigenvector, ψ ψ ψ i , weighs the contribution of the n state variables on the ith mode. The entrywise product of φ φ φ i and ψ ψ ψ T i is thus a measure of the importance of the states within the individual modes and is referred to as the participation factors
or in compact notation
where ⊗ denotes the entrywise product of two equal sized matrices, and P n×n is the participation factor matrix. The eigenvalues provide important information on the dynamics of the system, i.e. the frequency and damping of any oscillations. If the ith eigenvalue is given as λ i = a ± jb, the natural frequency, ω n , the damped frequency, ω d , and the damping ratio, ζ, are defined as
From classical control theory of continuous time systems, it is given that mode λ i is asymptotically stable only if a < 0.
It should be remembered that power systems in general are nonlinear while the modal analysis is based on a linear approach. Thus, the results from the modal analysis are only valid in proximity of the linearization point and should be perceived as a snapshot of the dynamic system behavior. The method of normal forms offer a framework for extending the modal analysis to include higher order terms and thereby capture dynamics not captured by a linear model [27] , [28] . This method is especially important for stressed, highly nonlinear power systems which are not accurately described by the linear approximation in (1) . Other means of ensuring the validity of the linear analysis is to complement with nonlinear time-domain simulations after which the dynamic response is evaluated.
To gain deeper insight into the dynamic behavior of the system, a series of modal analysis is often conducted where certain system parameter(s) are gradually changed. Analyzing the movement of the eigenvalues in the complex plane reveals the influence of the varied parameter to overall system dynamics and small-signal stability.
B. Power System Oscillations
In an interconnected power system the speed of the synchronous generators will constantly adjust according to the imbalance between generation and demand, where a production surplus will cause overspeeding of the generators; and viceversa. It must be noted that the applied governor control is to keep the synchronous speed, i.e. the nominal grid frequency within a required narrow range of operation.
Power system oscillations are typically divided into three groups depending on its global (or local) scale. Hz. This includes adverse interaction between equipment control systems. Many factors, beside the frequency of oscillation, do, however, determine the nature of the oscillations, and the concepts of mode-shape and participation factor are used to correctly identify the source, nature, and significance of a mode.
III. STUDY CASE

A. Case Network
The study is based on the 18 node, 7 generator system depicted in Fig. 1 , which furthermore consists of 6 loads, and an aggregated WPP with corresponding collector grid. The system represents a large network that has been reduced to a small number of nodes. In TABLE VIII the generator ratings, transformer reactances, and load distributions are given, while the synchronous machine dynamic data and the network parameters are given in TABLE IX and XI, respectively.
The network model has been developed in collaboration with National Grid as an extension of the three generator system presented in [11] to achieve a higher level of flexibility and numerical stability. The network model is tuned for a light load situation and the distribution of load and generation implies a southbound power flow of approximately 1 900 MW. Note that the model does not accurately represent particular aspects of the UK network, and hence should not be used to draw conclusions regarding the performance of this network. The developed model does, however, assist in the understanding of power oscillations between major areas of the UK power system. 
B. Wind Turbine Technology
The WT concept for this study is a variable-speed, pitch controlled, full-load converter interfaced WT and is illustrated in Fig. 2 and further described in [29] . A block diagram showing the overall connections is shown in Fig. 3 . The applied model is kindly provided by Siemens Wind Power A/S being a key market player of such variable-speed WTs. • Shaft model. Implements a two-mass model of rotor, gearbox, and generator.
• Converter system. The WT converter system comprises a generator side and a network side converter including all required control of the injected active and reactive power as well as DC link voltage control.
• DC link. Implements the link, including the DC capacitance, between the machine and the network side converter.
• Fault ride through. Monitors for system faults and shapes the current injection into the grid upon detection. In the study, an aggregated WT model is used and the analysis thus only considers the main interaction between the power system and the WPP.
C. Wind Power Plant Collector Grid
The collector grid is modeled as a T-equivalent with the entire capacitance lumped as a shunt and with half the inductance and half the resistance as a series impedance on each side. For P WPP = 180 MW the network parameters are given in TABLE X. The collector grid parameters are scaled according to the size of the WPP such that the same voltage profile is achieved, i.e.
where the superscript . B refers to the values in TABLE X with P WPP = 180 MW.
D. Wind Power Plant Voltage Controller
The WPP voltage controller is an outer, corrective controller that controls the voltage at the point of common connection (PCC) at the interface to the power system. The WPP voltage controller distributes voltage set-points to the individual WTs based on the conditions at the PCC, where the WT voltage controller controls the voltage at the WT terminals according to its set-point.
The block diagram of the WPP voltage controller is shown in Fig. 4 and the relation to the WT system is shown in the block diagram in Fig. 3 . The droop controller prevents chasing of adjacent units both controlling the voltage by dividing the responsibility between the units. Furthermore, the droop controller ensures that a predictable amount of reactive power is delivered for a given deviation from the nominal voltage. The applied model of the WPP voltage controller has been kindly provided by Siemens Wind Power for this analysis, although Siemens Wind Power does not necessarily apply exactly the same control. The operation of the WPP voltage controller is dependent on the strength of the grid and the controller must be carefully tuned for the conditions at the PCC. For this analysis, a 4 % droop, i.e. K d = 0.04, is used and the WPP voltage controller is tuned to deliver 90 % of its response within 1 second in a well-damped manner [30] .
A simulation is presented in Fig. 5 where a step-change is applied to the set-point of the exciter of the nearby generator G 2 . The shown step-response is with P WPP = 504 MW. As shown in Fig. 4 the WPP responds in a fast and well-damped manner, delivering the scheduled reactive power within 1 second. The set-point change at G 2 inflicts a perturbation in the electromagnetic torque at G 2 , noticed by the swing in delivered active power. For the WPP the reactive power output is increased without affecting the delivery of active power. 
E. Generator Models
The synchronous generators are modeled as round rotor machines using the standard RMS model. The generators are aggregated machines, each representing several smaller and larger generation units; the total capacity for each unit is given in TABLE VIII and the parameters for the dynamic model in TABLE IX.
Parameters for the synchronous machines with corresponding exciter-and PSS models are selected to represent the dominant unit type in each area. Furthermore is each generator equipped with a standard IEEEG0 governor. Parameters, exciter-and PSS models have kindly been provided by National Grid for this study.
F. Characteristics of Case Network
A list of dominant eigenvalues is given in TABLE I. Three lightly damped inter-area modes are present in the system, λ 1−3 ; the modal characteristics are given in TABLE II and the mode shapes in Fig. 6 . Furthermore are three voltage controller modes selected for closer attention, λ 4−6 , as the analysis will show that these modes are sensitive to the size of the WPP. Inter-area mode between G 1−2 and G 3−7 λ 2
Inter-area mode between G 4,7 and G 5−6 λ 3
Inter-area mode between G 4 and G 7 λ 4
Voltage controller common mode, G 1 , G 2 , WPP λ 5 Voltage controller common mode, G 2 , WPP λ 6 Voltage controller common mode, G 2 , WPP In TABLE III are the participation factors for the interarea modes shown for the generator rotor angle states. The mode shape for three inter-area modes, λ 1−3 , are given in Fig. 6 where the characteristic 180 o displacement between oscillating groups of generators is seen. The characteristics of the inter-area modes given in The modal analysis is a linear method and it should thus be complemented with dynamic simulations on the nonlinear system. In Fig. 7 and 8 the dynamic response is shown after a three-phase short-circuit at line l 48 . For now, there is no wind power in the system. The fault is applied midway between the busses, on a single circuit, and it is cleared after 140 ms. Fig. 7 shows the active and reactive power flow on the double circuit l 48 during and after the short-circuit. From the dynamic response the damping ratio, ζ, and the damped frequency of oscillation, ω d are computed as The short-circuit excites inter-area oscillation λ 1 between G 1−2 and G 3−7 , which is noted by the grouping of the generators in Fig. 8 where the generator rotor speeds are plotted, cf. mode shape plot in Fig. 6 . Generator rotor speed Fig. 8 . Generator rotor speeds after a short-circuit on one of the l 48 lines.
IV. SELECTED CASES
The aim of the study is to analyze the influence of increased wind power penetration on power oscillations in the system, with emphasis on the previously mentioned inter-area modes.
Two cases with a varying penetration of wind power are investigated and compared to the base case with only synchronous generation 1) P setp of G 2 is reduced as penetration of wind power is increased while the MVA rating is maintained 2) MVA rating of G 2 is reduced as penetration of wind power is increased while the loading of G 2 is maintained In all cases and for all wind power penetration levels, active power production is shifted between only G 2 and the WPP and the power flow in the system is thus unchanged.
In case 1 the introduction of wind power does not displace any conventional units and only the active power set-point is reduced to accommodate the power produced by the WPP. While in case 2, the wind power displaces conventional units and the MVA rating of G 2 is reduced accordingly. In each case the size of the WPP is varied linearly from 36 to 1 000 MW in 10 steps.
A. Local WT Voltage Control
When only local voltage control is employed in the WPP, the WTs control to achieve a voltage of 1 pu at the terminals.
The modal characteristics of the three selected interarea modes, λ 1−3 , are presented in TABLE IV for P WPP = 1 000 MW. When compared to the modal characteristics of the base case in TABLE II it is clear that the three inter-area modes are largely unaffected by the 1 000 MW WPP. An overview of the complex plane with system eigenvalues, as the WPP penetration increases, is depicted in Fig. 9 for both cases. A comparison of the selected eigenvalues in TABLE I is given in Fig. 10 . From Fig. 9 and Fig. 10 it should be noted that the inter-area modes, λ 1−3 , only exhibit little movement in the complex plane, whereas the movement of the common voltage controller modes, λ 4−6 , is more significant. The participation factors measure the participation of each state variable in the eigenvalues and thus how each mode is shaped. In TABLE V selected participation factors are listed for inter-area mode, λ 1 ; namely, generator rotor angle states and WPP mechanical generator, rotor, and shaft states. Furthermore is the largest participation over all WPP states given. The maximum WPP participation is in both cases found in the reactive power controller. Note that only the participation factors for mode λ 1 are given, however, similar results are obtained for λ 2−3 . It should be noticed that the participation factors for the WPP mechanical states are orders of magnitude smaller than those of the synchronous generators; hereby implying that the WPP does not participate in the oscillation. P WPP = 1 000 MW.
State variables
0.01 0.01 δg (WPP) < 10 −7 < 10 −7 δr (WPP) < 10 −5 < 10 −5 δs (WPP) < 10 −5 < 10 −5 max
For case 1 with P WPP = 1 000 MW, the mode shapes are given in Fig. 11 for the generator speed states for the three inter-area modes, λ 1−3 . The inter-area characteristics in terms of generator grouping are not significantly changed by the WPP. Similar mode shapes are obtained for case 2.
B. Wind Power Plant Voltage Controller
The modal characteristics of the three selected interarea modes, λ 1−3 , are presented in TABLE VI for P WPP = 1 000 MW and with WPP voltage controller. When compared to the modal characteristics of the case with only local WT voltage control in TABLE IV, it is clear that the three inter-area modes are largely unaffected by the WPP voltage controller.
A comparison of the eigenvalue movement as the wind power penetration increases from 36 to 1 000 MW is given in Fig. 12 ; again only limited movement of the three inter-area modes are noticed. The mode shapes for the generator speed states for the three inter-area modes are given in Fig. 13 for case 1 with P WPP = 1 000 MW. Similar results are obtained for case 2 where G 2 is gradually displaced.
In TABLE VII the participation factors are given for interarea mode λ 1 for case 1 and 2. Similar results are found for inter-area modes λ 2−3 . As noted in section IV-A the WPP participation in the oscillation is orders of magnitude smaller than for the synchronous machines. The largest participation factor for both case 1 and 2 is for the input filter for the PCC voltage measurement which is slightly larger than for the reactive current controller. Fig. 13 . Mode shape for the generator speed state for three inter-area modes.
The presented mode shapes are for case 1 with P WPP = 1 000 MW and with a WPP voltage controller in service. P WPP = 1 000 MW.
State variables
This paper presents a modal analysis of full-load converter interfaced WTs. Focus of the work is the impact increased wind power penetration has on power system inter-area oscillations. The study is based on a 18 node, 7 generator power system model to which the WPP is connected. The system model represents a large network with a reduced number of nodes and has been developed in collaboration with National Grid to assist in the understanding of power oscillations between major areas of the UK power system. The attached WPP is modeled as an aggregated machine which includes all grid significant components [29] . The WPP is furthermore equipped with a voltage controller that controls the voltage at the interface to the external grid.
To accommodate the production from additional generation units, assuming that load and power transfer to neighboring systems does not increase, the production from the existing units should decrease accordingly to keep the power balance. Two ways this can happen are 1) all units stay connected but with reduced active power output, or 2) a proportion of the existing units are taken out of service to ensure good utilization of the units in service.
Three inter-area modes are monitored as the penetration of wind power increases, and both with and without WPP voltage controller the inter-area modes seem largely unaffected by the increased capacity of the WPP. Comparing the interarea characteristics in TABLE II, IV, and VI it is noted that the damping of the three inter-area modes is almost constant, while the frequency of oscillation, especially for λ 1 , increases slightly. For inter-area mode λ 1 the damped frequency of oscillation increases by 4 % in case 2 where the synchronous generator, G 2 , is being displaced by the WPP.
The WPP voltage controller does not significantly change the modal properties of the system. A comparison of the results in section IV-A and IV-B shows a large degree of uniformity, with the trajectories in the complex plane in Fig. 10 and 12 being almost identical.
The degree of interaction of the WPP in the power system oscillations is evaluated with the aid of participation factors. The participation in the system oscillations of the WPP mechanical system are orders of magnitude smaller than those computed for the synchronous machines. This could imply a decoupling between the grid dynamics and the WPP mechanical system by the full-load converter.
VI. CONCLUSION
In this paper a modal analysis is presented where the impact of full-load converter interfaced wind turbines on power system oscillations is evaluated. The analysis is repeated for various wind power penetration levels, two different strategies for accommodating the wind energy, and with and without a wind power plant voltage controller.
The study found that the inter-area modes were largely unaffected by the increased capacity of the wind power plant. The damping of three selected inter-area modes was almost unchanged for the analyzed cases while smaller increases, < 4 %, were seen in the damped frequency of oscillation.
Generally, a very small participation from the wind turbines was found in the system oscillatory modes, hence implying that the wind power plant does not interact with these system modes. . Current activities include research within electricity production, transmission, distribution and demand. Prof. Østergaard is presently involved in activities related to an intelligent power system with focus of new electricity and information architectures, system integration of distributed generation and increased flexibility in the power system by use of demand side participation. Prof. Østergaard is project leader of more than 10 research projects. and serves in several professional organizations including the EU SmartGrids advisory council.
APPENDIX A SYSTEM PARAMETERS
